Introduction
Every year Bordetella pertussis infection causes nearly 16 million cases and 195,000 deaths in children worldwide [1] . Although an estimated 95% of pertussis cases is observed in developing countries, pertussis is a cause of concern in several developed countries, where the disease seems to be resurging despite a high vaccination coverage [2] [3] [4] . Recently, large outbreaks of pertussis have been observed in Europe, the United States and Australia [5] [6] [7] . A precise estimate of the burden of pertussis is far from being possible due to the interaction of underrecognition, underreporting, and lack of availability of diagnostic facilities [8] .
Several authors have reviewed the epidemiology of pertussis over a long period of time to describe the disease trends and to investigate the role of factors that may affect these trends [4, [9] [10] [11] . These studies have focused on the epidemiology of pertussis since the introduction of the immunisation in the mid-1940s and have investigated factors potentially involved in the resurgence of pertussis, including increased awareness, diagnosis and reporting, changes in vaccine composition or schedule, waning immunity, and evolution of the bacteria.
In Italy, recommendations for pertussis immunisation were released in 1961, when whole cell vaccines became available [12] . Nevertheless, vaccination coverage increased substantially only after the introduction of acellular pertussis vaccines in 1995 and, even further, after 2002, when the vaccine started to be offered free of charge by all Italian regions [13] . Based on routine surveillance data, Italy is currently a low incidence country and outbreaks or incidence peaks have been rarely reported after the achievement of a high immunisation coverage [14] .
We reviewed the epidemiology of pertussis in Italy in the last 125 years to explore factors that affected its trend and to estimate the effect of the immunisation on the disease burden.
Methods

Data sources
Data on notified pertussis cases were obtained from the Ministry of Health, which collects notifications from the Surveillance System for Infectious Diseases in Italy [14] . The Italian Surveillance system is passive, universal, and mandatory. Notification of infectious diseases relies on physicians and has been regulated by law with acts issued since 1901. For pertussis the only criterion for notification was a clinical diagnosis based on the opinion of the physician examining the patient, until the introduction of the World Health Organization (WHO) case definition in 1999 that better defined diagnostic criteria [13, 15] . Although the European Union case definition of the year 2008 has been approved at European level [16] , pertussis notification in Italy continues to rely mainly on a clinical case definition, and laboratory confirmation is not routinely adopted, despite the availability at national level of real time-PCR and serology [17] . Until 1974, surveillance reports included the total number of notified pertussis cases only; after 1974, reported cases were available by age group.
Data on pertussis mortality and on the Italian population demographics for the period 1862−2009 were obtained from the National Institute of Statistics [18] .
We also analysed data on pertussis incidence from a sentinel surveillance system for vaccine preventable diseases in children aged 0−14 years [19, 20] . This sentinel surveillance system was in place in Italy between 2000 and 2009, with about 11% of all Italian primary care paediatricians participating; the range of participation among the Italian regions was between 7 and 16% [20] . Data on pertussis vaccine coverage in the first 24 months of life were obtained from the Ministry of Health and from surveys on vaccine coverage [21] [22] [23] [24] .
Data analysis
We described pertussis epidemiology in Italy in four time windows. Period 1: 1888 to 1945, covering the late 19th century and nearly first half of the 20th century, including the two World Wars; period 2: 1946 to 1960, covering the pre-vaccine era after the second World War; period 3: 1961 to 1994, covering the time when whole cell vaccine became available and coverage was low (<33%); and period 4: 1995 to 2012, covering the time when acellular vaccine was used and the coverage high (>87%). We calculated mortality rates per 100,000 population for pertussis in Italy from 1888 to 2012, case fatality rates from 1925 to 2012, and incidence rates per 100,000 population for the entire Italian population from 1925 to 2013. We also calculated the age specific incidence rates from 1974 to 2013 for the following age groups: <1 year-olds, 1−4 years-old, 5−9 years-old, 10−14 years-old, ≥15 years-old.
Incidence rates by age group (<1 year-olds, 1−4 yearsold, 5−9 years-old, 10−14 years-old) from the paediatric sentinel surveillance system were used for comparison with routine surveillance data. Assuming a higher sensitivity of the sentinel surveillance system we calculated the average ratio between sentinel surveillance and routine notification rates by age group to estimate under-notification.
Since the sentinel surveillance system reported monthly notification data, we also investigated seasonality. We used one-way Analysis Of Variance (ANOVA) test to compare the period means and F-test to assess if differences between means were statistically significant. Moreover, in order to improve the identification of a seasonal pattern, we used spectral analysis. We examined the cyclical structure of the detrended time series in the frequency domain using the periodogram, which represents an estimate of the spectral density computed using the fast Fourier Transform (FFT). By applying the Hodrick-Prescott filter (with λ=14,400) to the monthly time series of pertussis incidence, we removed the trend component and used the detrended data to build a periodogram through the FFT, allowing to switch from the time function to the frequency domain function. We built up a periodogram with the scales frequency on the x-axis and the spectral density on the y-axis. Indicating with T the period and with N the number of observations, the scaled frequency was calculated as f = N/T, and denoting by ω the angular frequency, the scaled frequency was f = ω *(N/2π), where ω = 2π/T. Stata 11 and Gretl 1.9.14 were used for data analysis.
Results
Demographic changes
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Preliminary data for 2012 and 2013 case fatality rate from 12.2% to 0.5%. Pertussis deaths decreased from over 2,000 to around 100 per year. At the same time, a high and increasing incidence of pertussis was observed (Figure 2 ). Pertussis epidemic cycles continued to occur every three to five years with increasing incidence peaks (59.6/100,000 in 1949, 79.8/100,000 in 1953). The highest value (85.6/ 100,000) was observed in 1957.
Period 3 (1961 to 1994, whole cell vaccine, low coverage) In 1961, recommendations for pertussis immunisation with the whole cell vaccine were released in Italy. Vaccination was not mandatory and immunisation policies differed among regions, with only some regions offering the immunisation for free [12] . Hereafter, pertussis mortality decreased further from 0.34 per 100,000 population in 1961 to 0.00 in 1994 (Figure 1 (Figure 1 ).
With the introduction of the whole cell vaccine, pertussis incidence showed a decreasing trend from 76.2 per 100,000 population in 1961 to 12.7 in 1981, although immunisation coverage was very low, with reported figures ranging between 10 and 16% during the years 1974 to 1981 (Figure 2 ). Epidemic cycles continued to occur every three to five years. An incidence peak was observed in the period 1983 to 1987, reaching values of 45.6 per 100,000 population in 1983 and 48.2 in 1987. Afterwards, incidence decreased again and the lowest value was reached in 1993 (7.5/100,000), when a vaccine coverage of 32.8% was reached. From 1974 to 1994 pertussis incidence was highest in children <1 year of age (range: 108.7-618.6/100,000 population) and in 1−4 years-old (range: 93.6-639.9/100,000) (Figure 3 
100,000 population), whereas pertussis incidence was lowest in adolescents (range: 1.2-34.4/100,000 population) and adults (range: 0.4-3.4/100,000).
Period 4 (1995 to 2013, acellular vaccine, high coverage)
In 1995, acellular pertussis vaccines replaced whole cell vaccines with a recommended two-dose primary series and a booster at the age of 11 months. An additional preschool booster was recommended in 1999, and a booster in adolescents introduced in the childhood immunisation programme in 2012 [25] . Vaccine coverage increased dramatically, with an uptake of 89.2% in 1998, 87. After the introduction of the acellular pertussis vaccine, incidence peak values have decreased from 25.3 per 100,000 population in 1995 to 12.3 in 1998 ( Figure 2 ). Since 1999, incidence has been below seven. Rates decreased below three per 100,000 population after the vaccine was offered free of charge in all Italian regions in 2002 and to around one per 100,000 population since 2008. Since 2002, epidemic cycles have been less clearly identifiable, due to the low incidence of pertussis. After the introduction of the acellular vaccines, incidence decreased in all age groups ( Figure  3 ). Children <1 year of age continued to be the age group with the highest incidence rates (range: 6.9-556.4/100,000 population). Between 1998 and 2004, incidence rates were higher among children aged 5−9 years (range: 12.1-116.4/100,000 population) than in children aged 1−4 years (range: 10.5-81.8/100,000). Since 2003, incidence rates in 10−14 year-olds (range: 2.5-13.6/100,000 population) exceed rates in 1−4 (range: 1.6-11.2/100,000) and 5−9 years-old children (range: 1.3-12.4/100,000). The ≥15 years-old population, remains the age group with the lowest incidence rates (range: 0.0-1.1/100,000 population). After the introduction of the acellular vaccines, proportional distribution of reported cases by age group has changed (Figure 3 ). The proportion of reported cases in 1−4 and 5−9 year-olds has decreased, whereas the proportion of reported cases in those <1 year of age and 10−14 years-old has increased. Only a slight increase in the proportion of reported cases in the group ≥15 years of age has been observed.
Seasonality
Monthly data from the paediatric sentinel surveillance system from 2000 to 2009 showed a significant seasonal difference in incidence. The lowest incidence was reported in the fourth quarter, with a mean of 5.9 per 100,000 population, whereas values between 10 and 12.7 were observed during the other quarters (p-value=0.0027). The periodogram shows a peak for f=10 (corresponding to a periodicity of 11.8 months), with a spectral density of 61.04 and ω=0.53 (Figure 4) . 100%   1974  1976  1978  1980  1982  1984  1986  1988  1990  1992  1994  1996  1998  2000  2002  2004  2006  2008  2010  2012 Year Preliminary data for 2012 and 2013
An additional peak of lower amplitude (spectral density=22.44) is shown for f=5 (corresponding to a periodicity of 23.60 months). The strong annual periodicity in the Italian pertussis incidence peaked between March and August (spring/summer), while the minimum incidence was observed between September and February (autumn/winter). The annual and the biannual components of the time series stand for a sustained circulation of the disease in the period included in the analysis.
Under-notification
Data from the paediatric sentinel surveillance system in the period 2001 to 2008 showed significantly higher incidence rates than the routine surveillance, ranging from 13 to 360 per 100,000 population depending on the age group ( Figure 5) . Incidence rates showed a decreasing trend in all age groups. The age group with the highest incidence rates was 10−14 year-olds. Since 2005, incidence rates in 1−4 year-olds have exceeded incidence in children <1 year of age and those 5−9 years-old. Under-notification was lowest in children <1 year of age, with a mean sentinel/routine surveillance ratio of 1.8 in this age group. Under-notification increased in older age groups, with a mean ratio of 11.8 in 1−4 years-old children, 9.2 in 5−9 year-olds, and 12.9 in 10−14 year-olds.
Discussion
The epidemiology of pertussis has dramatically changed in Italy over the last century. Pertussis mortality has greatly declined, with no reported pertussisrelated deaths since 2002. Pertussis incidence has decreased after the introduction of immunisation, in particular after achieving a high immunisation coverage with acellular vaccines after the year 2000. No resurgence of pertussis has been detected by routine surveillance data as of yet.
The improved living conditions of the Italian population and the achievement of better healthcare after the two World Wars likely affected pertussis mortality. Mortality and case fatality rates decreased indeed dramatically to values below 1 per 100,000 population and below 1% respectively, before the introduction of pertussis immunisation in the 1960s. The introduction of pertussis immunisation has markedly influenced the incidence of the disease. Pertussis incidence started decreasing after the introduction of the whole cell vaccine in 1961, even if vaccine coverage was low. The most evident decrease in pertussis incidence has been observed after 1995, when the acellular pertussis vaccine was introduced, allowing to reach values <5 per 100,000 population after the year 2000. Since 2002, the vaccine has been offered free of charge to children <1 year of age by all Italian regions, allowing to achieve an immunisation coverage of about 96% after 2006.
The introduction of acellular vaccines and the progressive increase in vaccine coverage have also influenced the age distribution of the disease over the last two decades. During the low-coverage period, the highest pertussis incidence was in children <1 year and in those 1−4 years of age. After 1995, the highest incidence rates persisted in children <1 year of age, while incidence in 1−4 year-olds, the ones more protected by the infant immunisation, started decreasing. After an initial increase, incidence in children 5−9 years-old has been decreasing since 2003, following the introduction of the preschool booster in 1999. The constant increase of pertussis incidence in 10−14 years-old children can be explained by waning immunity [26] [27] [28] [29] [30] , or by an increase in awareness of pertussis in this age group [11] .
The introduction of immunisation programmes decreases the accumulation of susceptible individuals and therefore delays the occurrence of epidemic cycles [31] . In the case of pertussis in Italy, we observed that regular epidemic cycles persisted despite the demographic changes and even after the introduction of the immunisation. Only once a high immunisation coverage of >94% was reached after 2002, epidemic cycles became unapparent. Immunity starts to wane between four to 10 years after pertussis immunisation, or even earlier according to recent reports [28] [29] [30] , and also the protection after the natural disease is not lifelong [26, 27] . Therefore, susceptible individuals are likely to have accumulated over time, especially in older age groups. Nevertheless, according to data from the routine surveillance system, Italy is not experiencing a resurgence of pertussis as reported in other developed countries [2] [3] [4] [5] [6] [7] . In these countries a resurgence started to be observed several years after reaching high vaccine uptake rates [4, 32] . Considering that in Italy a high immunisation coverage has been reached only after the year 2002, a resurgence of pertussis may be seen only in the years to come.
Data from the routine surveillance system do not show an increase in pertussis incidence in the ≥ 15 yearsold population in Italy, as described in other European countries [2] . This is in contrast with a recent Italian seroepidemiological study, which suggests that B. pertussis actually circulates among adolescents and adults [33] . Underrecognition and missed diagnosis may partially explain the very low incidence rates reported in this age group in Italy. Symptoms of pertussis in adolescents, adults and previously vaccinated individuals are not always as typical as in younger children [34, 35] . Indeed, a recent study showed that Italian physicians seldom suspect pertussis, and therefore do not request a laboratory confirmation test in older patients with a chronic cough [36] . The scarce use of laboratory confirmation of a suspected B. pertussis infection obviously reduces the possibility of diagnosis in patients with atypical pertussis presentation in all age groups.
Under-notification may also affect surveillance reports. Our results show a high under-notification ratio when comparing incidence figures from a sentinel surveillance system with routine reports. Moreover, under-notification ratios increased with age. Similar results have been recently reported from Poland [37] . Assuming that incidence figures based on surveillance reports should be adjusted for underrecognition and under-notification, the real incidence of pertussis may be much higher compared to figures reported through routine surveillance, with a higher difference in older age groups.
While in other countries changes in diagnostic criteria and techniques may have affected the reported pertussis incidence, notification in Italy still mainly relies on a clinical diagnosis, although laboratory diagnosis of B. pertussis infection is available [17] . This is obviously a limitation for the reliability of the surveillance system, but allows comparison of data over a very long time period.
In conclusion, before immunisation was available, pertussis incidence had not been influenced by historical or demographic changes in Italy, whereas mortality due to pertussis had already dramatically decreased. An evident decrease in pertussis incidence in Italy occurred after the introduction of immunisation and in particular after the achievement of a high vaccine coverage with the acellular vaccine. However, a decreased awareness of the disease, with underrecognition and under-notification, may play a role that has to be taken into account for the development, implementation and evaluation of immunisation programmes. Management of immunisation programmes strongly relies on surveillance data. Quality and sensitivity of surveillance should constantly be monitored and reviewed to adjust reported incidence rates. Since based on experiences elsewhere, a pertussis resurgence may occur in Italy, physicians should be educated to take into account a diagnosis of pertussis in individuals with atypical presentation and in older age groups. Moreover, the use of available laboratory confirmation methods, especially PCR, should be strongly supported in order to improve surveillance. The extent of underrecognition and under-notification should be thoroughly investigated to identify the real burden of pertussis in Italy.
